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A B S T R A C T
The temperature dependence of Raman spectra of multilayer-graphene nanoribbons (MLGNRs) fabricated by
unzipping method was investigated in the temperature range from 300 K to 700 K. MLGNRs with the width of
~200 nm are isolated and individually measured. The frequency of G band is monotonically downshifted with
increasing temperature. The change in the G band frequency with temperature is reversible in thermal cycles
with heating and cooling. By linear fitting, the temperature coefficient is estimated to be about −0.021 cm−1/K.
This value is smaller than −0.028 cm−1/K of carbon nanotubes and larger than −0.011 and −0.016 cm−1/K of
graphite and graphene, respectively, as reported previously. This means that MLGNRs are thermally stable
compared with carbon nanotubes with curvatures, whereas the thermal stability of MLGNRs is lower than those
of graphene and graphite. The better fitting to the G band frequency shift with temperature is obtained with
nonlinear quadratic curve. From the theoretical analysis of the fitted quadratic curve, it is clarified that the
downshift of G band frequency with increasing temperature is attributed to the anharmonic phonon interaction,
especially 4-phonon process rather than 3-phonon process. Comparing with other nanocarbon materials reported
so far, it is suggested that the strength of the anharmonic phonon interaction depends on the layer number and
size of graphene.
1. Introduction
Graphene, a two-dimensional honeycomb lattice of carbon atoms,
has remarkable electric, mechanical, thermal, and optical properties
[1]. In particular, the carrier mobility of graphene is predicted theo-
retically more than 250,000 cm2 V−1 s−1 at room temperature,
therefore, graphene is expected to be applied as a next-generation
electronic device. However, applications in semiconductor technologies
such as a transistor are restricted because graphene has a zero-band gap
[2]. Graphene nanoribbons (GNRs), defined quasi-one-dimensional
graphene with nanometer-width, have been attracted great attention as
one of attempt to open a band gap in graphene [3]. Numerous studies
about their fabrications and properties have been reported, but espe-
cially their basic thermal properties are still not clear due to few ex-
perimental studies. The understanding of the thermal properties of
GNRs is important for their device applications such as field effect
transistors [4] and sensors [5], since the devices composed of hetero-
geneous composites with the interfaces are fabricated and operated in
various temperature environment.
Generally, Raman spectroscopy is an indispensable method to
obtain important information such as structural and electronic prop-
erties of carbon materials [6]. For the evaluation of thermal property,
the temperature dependence of Raman spectra has been reported for
graphite [7–9], graphene [10–15], carbon nanotubes [16–21]. The
comparison and discussion of the temperature dependence are needed
for practical applications. However, the temperature dependence of
GNRs has not been reported yet to the best of our knowledge.
In this study, we measured the temperature dependence of the
Raman spectra of multilayer GNRs (MLGNRs) fabricated by unzipping
method [22] which is one of the most industrial synthesis method
[23,24] to understand the thermal characteristics of MLGNRs. Espe-
cially, we aimed to observe a completely isolated GNR without bundles
and segregations to understand the intrinsic thermal property of
MLGNRs. As a result, we succeeded in observing the intrinsic tem-
perature dependence of a MLGNR for the first time. The temperature-
dependent behavior with non-linear quadratic curve will be explained
by the theoretical model including anharmonic phonon interaction with
3- and 4-phonon processes, and compared with typical nanocarbon
materials has been reported so far.
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2. Materials and methods
MLGNRs fabricated by a method of unzipping MWCNTs were pur-
chased from SIGMA-ALDRICH (Prod. No. 797774) [25]. 10 mg of
MLGNRs were dispersed in 10 ml of ethanol with a homogenizer (Dr.
HIELSCHER UP400S) and dropped onto SiO2 (285 nm)/Si substrate. In
order to avoid aggregations of MLGNRs, the SiO2/Si substrate was
placed on a hot plate heated to about 80 °C before dropping. The pre-
pared sample was observed by using an optical microscope (OLYMPUS
BX51) and a field emission scanning electron microscope (FE-SEM,
10 kV, KEYENCE VU-9800). To examine the layer number of MLGNRs,
transmission electron microscope (TEM, 200 kV, JEOL JEM2100F) was
used. For the TEM observation, samples after grinding in an agate
mortar were dispersed in ethanol and dropped onto carbon grids. The
characterization was performed by using a microscopic Raman scat-
tering spectrometer (Nd: YVO4 laser λexc = 532 nm, JASCO NRS-
1000).
The temperature dependences of samples were measured by Raman
spectroscopy installed a heating/cooling microscope stage (LINKAM
TS1500). The sample on SiO2/Si substrate was placed inside the
ceramic sample cup (2.5 mm depth) in the stage. To avoid thermal
radiation, platinum cover was put on the ceramic sample cup. The
measurements were performed in the heating process (300, 400, 500,
600, 700 K) and the cooling process (700, 600, 500, 400, 300 K) under
a vacuum of less than 5 Pa. The heating/cooling rate was 10 K/min. To
make the measurement temperature stable, holding time 5 min was
introduced after reaching the required temperature. The laser beam was
focused on the sample with spot size of 1.3 μm2 through 50× long
working distance objective lens (OLYMPUS SLMPLN) and irradiated for
5 s 5 times. The laser intensity was 9.0 mW/μm2 on the surface of
quartz window of the stage, but it is considered that the intensity was
smaller on the sample surface. Actually, no peak shift and no destruc-
tion were observed after irradiation for 5 min with the same laser in-
tensity at room temperature. We confirmed that this measurement
condition is appropriate to obtain intrinsic thermal information of
samples.
3. Results and discussion
Fig. 1(a) shows the typical SEM image of a MLGNR dispersed on
SiO2/Si substrate at 300 K. A magnified figure of the square area in (a)
is shown in Fig. 1(b). Note that such isolated samples were selected in
Raman measurements. It is found that the length and width of the
MLGNR are about 5–10 μm and 200 nm respectively. These features are
in good agreement with those in one of typical of GNRs reported so far
[22]. However, it was hard to successfully measure the thickness of
MLGNRs by using an atomic force microscope, since they have wavy
and curvature after unzipping. We observed the cross-section of re-
sidual MWCNTs without unzipping by using TEM. Fig. 1(c) shows the
typical TEM image of the cross-section of a residual MWCNT without
unzipping. The line profile of the region surrounded with a flame in (c)
is shown in Fig. 1(d). In Fig. 1(c), The hollow shape with multi-walls are
clearly observed. The diameter of the cross-section of the MWCNT is
17.5 nm. The total thickness of the multi-walls is 5.8 nm. According to
the image analysis, it corresponds to 18 layers where the interlayer
spacing is 0.33 nm which is in good agreement with that of typical
MWCNTs [26]. Assuming that such MWCNT with the cross-section of
the dimeter of 17.5 nm is unzipped, the width of MLGNR is about
55 nm. However, the width is smaller than ~200 nm of the unzipped
MLGNRs used in the measurements. This might mean that it is difficult
to unzip MWCNTs with smaller diameters. This is also consistent with
previous reports where the unzipping hardly occurs in smaller-diameter
MWCNTs [26]. Therefore, it is considered that our samples of MLGNRs
used in the measurements are obtained from the larger-diameter
MWCNTs and have the thickness almost equal to or larger than about
7 nm corresponding to 20 layers.
Fig. 2 shows typical Raman spectrum of a MLGNR on SiO2/Si sub-
strate at 300 K before the temperature dependent measurement. From
the spectrum, 2D, G, and D band were observed at 2683 cm−1,
1578 cm−1 and 1345 cm−1 respectively. D' band were also observed at
1621 cm−1 as shown in the inset. All bands are fitted by Lorentzian
curve. Generally, Raman spectra of MLGNRs are largely different, de-
pending on the width, length, or edge states with additives of MLGNRs
[27] which are obtained by different fabrication methods such as un-
zipping, lithography, and bottom up methods. Especially, the differ-
ences in D band intensity and the full widths at half maximum (FWHM)
are remarkable [28]. In our MLGNRs, FWHM of D band (WD) is
42.77 cm−1, and the intensity ratio of the D and G bands (ID/IG) is 0.57.
It corresponds to typical MLGNRs prepared by unzipping method [29].
Fig. 3 shows typical behavior of the G band during thermal cycle
that correspond to heating and then cooling between 300 K and 700 K.
The (a) and (b) in the figure show first and second thermal cycles, re-
spectively. The peak frequency of the G band decreases (increases) with











Fig. 1. (a) The typical SEM image of a MLGNR dispersed on SiO2/Si substrate at 300 K. (b) A magnified figure of (a). (c) The typical TEM image of a CNT which are
the original material of MLGNRs. (d) the line profile of the region surrounded with a flame in (c).
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in the G band is reversible. In addition, it should be noted that the
reversibility is clearly observed even in second thermal cycle. Ac-
cording to previous reports, irreversible change in Raman spectra has
been often observed in the thermal cycle for nanocarbons on substrate.
This is due to thermal damages and the strong interaction as charge
transfer between sample and substrate [30]. Thus, the reversible be-
havior observed in this work reflects intrinsic thermal properties of
MLGNRs without the thermal damage. On the other hand, the width of
the G band exhibit no significant change with temperature with the
scattering of the data.
To clarify the temperature-dependent behavior in Fig. 3, the peak
positions of G band are plotted as a function of temperature as shown in
Fig. 4. The peak position monotonically decreases with increasing
temperature, as those of graphite and typical nanocarbons such as
carbon nanotubes and graphene. It is well known that the shift of a
Raman-active mode with varying temperature is generally attributed to
thermal expansion and anharmonic effects [31,32] as discussed after.
The thermal expansion coefficient of the CeC bond in the plane of
graphite and graphene is negative in the range of our experimental
temperature [12]. Similar negative thermal expansion is also expected
in MLGNRs. In the case, the G band in MLGNRs should be upshifted
with increasing temperature. However, the results in Fig. 4 show clear
downshift of the G band in MLGNRs. Thus, it is suggested the anhar-
monic effect such as 3- and 4-phonon processes is much dominant over
thermal expansion.
The temperature-dependent G band frequency is fitted with linear
curve in Fig. 4(a), as the analysis for many carbon materials reported so
far, to compare with them. The value of residual sum of squares (RSS)
for the linear fitting is 1.24 in the 1st heating. From the linear fitting,
the temperature coefficient as χG is estimated to −0.021 ± 0.002
cm−1/K, where it corresponds to the shift of G band frequency per unit
temperature rise and means the sensitivity or responsibility of lattice
vibration frequency for the change in the temperature. The temperature
coefficients in all thermal cycles are almost same in the range of
−0.020~ − 0.022 cm−1/K. The temperature coefficient in the 1st
heating of MLGNRs are compared with typical data of other carbon
materials as presented in Table 1. The temperature coefficient of
MLGNRs is smaller than −0.028 cm−1/K and − 0.042 cm−1/K mea-
sured for high quality MWCNTs and single-walled carbon nanotubes
(SWCNTs), respectively, which are in good agreement with those as has
been reported so far [17]. Thus, the change in the lattice vibration
frequency in MLGNRs is smaller for the thermal change than those in
MWCNTs and SWCNTs with curvature. This means that MLGNRs are
thermally stable compared with MWCNTs and SWCNTs with curvature.
On the other hand, the temperature coefficient of MLGNRs is larger
than that of graphite [8] and exfoliated graphene [10,14]. This means
that MLGNRs is thermally unstable compared with graphite and gra-
phene. This is related to the size effect as quasi-one-dimensional gra-
phite of MLGNR against two-dimensional graphite. Actually, the value
for MLGNRs is similar to that for polycrystalline graphene with nano-
order domain sizes which is synthesized by chemical vapor deposition
[13]. The thermal instability of carbon materials can be related to the
size and curvature.
The temperature-dependent G band frequency in Fig. 4(b) are also
fitted well by nonlinear quadratic curves. The fitting accuracy is better
than that by the linear fitting, where the value of RSS for the nonlinear
quadratic fitting is 0.14 in the 1st heating, which is much smaller than
1.24 for the linear fitting as mentioned above. Actually, the quadratic
fitting has been made in some of CNT [19,21,33] and graphene [11,34].
The temperature dependence of the G band frequency ω can be re-












where ω0 is the frequency of the G band when temperature is extra-
polated to 0 K, and (∂ω/∂T)P (=α1) and (∂2ω/∂T2)P (=α2) are the first
and quadratic T coefficients, respectively. The respective fitting yields:
ω0=1579 cm−1, α1=−7.0 × 10−3 cm−1/K and
α2=−2.8 × 10−5 cm−1/K. These values are similar to
−4.8 × 10−4 cm−1/K and −2.4 × 10−5 cm−1/K2 of graphene na-
noplatelets with the thickness of ~4 nm as reported recently [34].
To clarify the anharmonic effect for the temperature dependence of
GNRs as discussed before, we analyzed with the model calculation of
the G band anharmonicity in GNRs. The Raman shift with change of
temperature can be expressed as the following equation [35]:
= = +T T T T( ) ( ) ( ) ( )E A0 (2)
where ω0 is the G band frequency at 0 K; here we use ω0 = 1579 cm−1
to fit our experimental data from Eq. (1). ∆ωE(T) is a G band shift due to
the thermal expansion contribution in volume and ∆ωA(T) is a G band
shift due to the anharmonic phonon-phonon interactions. The ∆ωE(T)
can be described by the Grüneisen constant model [36,37]:
= ( )T n dT( ) expE G T a0 0 0 (3)
where n is the degeneracy of the Raman-active vibration and γG is the
Grüneisen parameter; here we take n = 2 and γG = 1.99 respectively





















Fig. 2. The typical Raman spectrum of a MLGNR dispersed on SiO2/Si substrate
at 300 K. An inset shows G band fitted by Lorentzian curves. (blue line: G band;
red line: D' band; green line: total). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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(a) First thermal cycling
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Fig. 3. G band of a MLGNR dispersed on SiO2/Si substrate during the first (a)
and second (b) thermal cycling between 300 K and 700 K.
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[37]. αa denotes the linear thermal expansion coefficient of graphite
along the in-plane hexagonal a-axis [38].
The anharmonic ∆ωA(T) term can be expressed by the following
equation [32,35]:

















where ħ is the reduced Planck's constant, k is Boltzmann's constant, and
A and B are anharmonic constants acting as fitting parameters. The
magnitudes of A and B indicate the strengths of the 3- and 4-phonon
processes, respectively.
In the analysis, the experimental data ∆ω(T) (fitted by quadratic
polynomial curve) is fitted with thermal expansion curve ∆ωE(T) (Eq.
(3)) and anharmonic phonon curve ∆ωA(T) (Eq. (4)) composed of 3- and
4-phonon curves including A and B parameters, respectively. Actually,
the values of A and B parameters are obtained by fitting ∆ω(T) − ∆ωE
(T) with ∆ωA(T). The respective fitted anharmonic contributions to the
MLGNR's G-band frequency shift with temperature (the first heating
data in Fig. 4(b)) are shown in Fig. 5. Note that both the curves for 3-
and 4-phonon contributions are shifted and normalized to be 0 at 0 K in
the figure, to more clarify their contributions of positive or negative to
∆ω(T), where their contributions are, respectively, 4.2 cm−1 and
−5.1 cm−1 at 0 K. The ∆ωE(T) and 3-phonon contributions exhibit
positive values with increasing temperature and the 4-phonon con-
tribution curve decreases with increasing temperature. Therefore, it is
obvious that the downshift of G band frequency with increasing tem-
perature is attributed to the 4-phonon process rather than 3-phonon
process in the anharmonic phonon interactions.
Moreover, we compared the A and B parameters with those in other
typical carbon materials listed in Table 2. In MLGNRs, the strength of 4-
phonon process is comparable to that of 3-phonon process. The com-
parable relationship between these phonon strengths is quite different
from the phonon strengths in graphite [31] and graphene [31,39,40] in
which 3-phonon strength is almost 2 orders of magnitude larger than 4-
phonon strength as presented in Table 2. On the other hand, the com-
parable relationship between the phonon strengths in MLGNRs is si-
milar to that for graphene nanoplatelets with the thickness of ~4 nm
reported recently [34], although the absolute values of the phonon
strengths are smaller than those in the graphene nanoplatelets. The
smaller values of A and B for MLGNRs means that both 3- and 4-phonon
decay strengths are smaller than those in graphene nanoplatelets [34].
It suggests that the phonon decay strength depends on the layer number
and size of graphene.




































Fig. 4. Temperature dependence of the G band frequencies of a MLGNR sample during first and second thermal cycles from 300 K to 700 K. Experimental plots are
fitted by linear (a) and quadratic curves (b).
Table 1
Temperature coefficients of the G band χG of various carbon materials.
Material χG [cm−1/K] Source
Graphite −0.011 Ref. [8]
Exfoliated single-layer graphene −0.016 Ref. [10]
CVD single-layer graphene −0.024 Ref. [13]
MLGNR −0.021 This work
MWCNTs −0.028 This work and Ref. [16]
SWCNTs −0.042 Ref. [17]































Fig. 5. The G band frequency shift during first heating process from 300 K to
700 K. The experimental data are shown as solid symbols (∆ω(T)) and fitted by
quadratic polynomial curves (Eq. (1)). The model calculation results are shown
as ∆ωE(T) and ∆ωA(T). ∆ωA(T) are separated as two contributions, 3-phonon
and 4-phonon. Note that both the curves for 3- and 4-phonon contributions are
shifted and normalized to be 0 at 0 K in the figure, where their contributions
are, respectively, 4.2 cm−1 and −5.1 cm−1 at 0 K.
Table 2
The anharmonic constants acting as fitting parameters in MLGNRs' G-band
frequency shift with temperature.
Material A [cm−1] B [cm−1] Source
MLGNRs 4.2 −5.1 This work
Graphite −19.37 −0.237 Ref. [39]
Graphite −14.1 1.3 Ref. [31]
Single-layer graphene −14.02 3.03 Ref. [31]
Graphene sheets −1 −6 Ref. [40]
Graphene nanoplatelets 8.3 −9.3 Ref. [34]
M. Tsujimoto, et al. Diamond & Related Materials 109 (2020) 108047
4
as graphene nanoplatelets [34]. The positive A value for 3-phonon
process corresponds to up-conversion decay which gives rise to higher-
frequency phonon, while the negative B value for 4-phonon process
means down-conversion decay which produces lower-frequency
phonon [41]. Thus, 3- and 4-phonon processes in MLGNRs involve
different conversion procedures. A more detailed discussion on the
anharmonic mechanism would require further experiments with dif-
ferent size GNRs with ab initio calculations.
4. Conclusion
We have succeeded in observing the intrinsic temperature depen-
dence of a completely isolated MLGNR with a width of ~200 nm. The
downshift of the G band frequency is clearly observed with increasing
temperature. The change in the G band is reversible in the thermal
cycles between 300 K and 700 K. This reversible behavior reflects in-
trinsic thermal properties without damages. The temperature-depen-
dent behavior with non-linear quadratic curve is explained by theore-
tical model with anharmonic phonon interaction especially with 4-
phonon processes. The behavior is similar to that for graphene nano-
platelets reported recently [34]. It seems that the strength of the an-
harmonic phonon interaction depends on the layer number and size of
graphene. Such understanding of thermal property of MLGNRs com-
paring with other typical carbon materials in this study can provide
important information for device applications such as field-effect
transistors and sensors with fabrication and operations.
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